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Up to this point in time, complex mixtures of tertiary sulfonium ions have been 
separated or analyzed employing conventional methods like HPLC or NMR procedures. In 
this thesis the researcher presents a new approach, the use of Capillary Zone Electrophoresis 
(CZE) for the analysis of these types of ions as well as the closely related thiophenium ions. 
CZE offers an unprecedented advantage in that separations can be employed for speciation 
or quantitation of complex mixtures by using the appropriate standards or specific detectors. 
For the study, model sulfonium and thiophenium ions were used to determine the 
feasibility of the separation and to optimize conditions. Once conditions were established, 
a complex mixture of these ions isolated from a petroleum sample was analyzed. 
Furthermore, the chiral separation of sulfonium and thiophenium ions was explored using 
CZE. Again, it is for first time that CZE is used for the chiral analysis of these ions. The 
separation involves the use of a chiral resolving agent, in this case native or derivatized |3-
cyclodextrins, added to the separation buffer. Differentiated interactions of the sulfonium 
ions with the cyclodextrin affords chiral recognition and thus separation. A final topic of 
study was the chiral analysis of O-methylated sulfoxides, (alkoxysulfonium ions) employing 
conditions analogous to those used for the chiral analysis of sulfonium ions. 
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I. INTRODUCTION 
The analysis of tertiary sulfonium compounds using currently available methods 
often encounters drawbacks in terms of efficiency and sensitivity. Previous reported 
procedures for analysis include: ion chromatography,1 liquid chromatography,2 paper 
electrophoresis,3 and thin-layer electrophoresis4. To date, there has been no work 
reported on the separation of these types of ions using CZE. This new approach offers 
an unprecedented analytical advantage over these published methods when considering 
the increased speed and resolution that can be achieved.5 
The general structure of sulfonium ion is given above. Sulfonium salts are 
compounds possessing a tricoordinate, positively charged sulfur atom with a lone pair of 
electrons. These salts are most commonly prepared by the reaction of dialkyl sulfides 
with alkyl halides, with the sulfide acting as the nucleophile. The positively charged 
sulfur atom has a tetrahedral configuration owing to the presence of the lone pair of 
electrons. Thus, in many respects they are similar to quaternary ammonium ions. 




However, unlike quaternary ammonium ions, they are quite susceptible to pyramidal 
inversion if the temperature is significantly higher than room temperature6,7. Also, 
sulfonium ions having three distinct substituents can exist as optical isomers or chiral 
compounds . 
Sulfonium ions undergo numerous synthetically important reactions. The carbon-
sulfor bonds can be cleaved easily via nucleophilic displacement. Warming sulfonium 
salts can cause the elimination of a P-hydrogen atom thus yielding a mixture of a sulfide 
and the corresponding alkene.6 More importantly, proton abstraction by a strong base 
can yield a sulfur ylide which are extremely important synthetic agents particularly in the 
synthesis of epoxides and cyclopropanes.8 Also, sulfonium ions are particularly useful 
as cationic initiators for the synthesis of commercial polymers,9'10'11'12 especially 
electrically conducting polymers like poly(p-phenylenevinylene).2 Recently, 
considerable attention has been placed on the study of organic sulfur compounds in fossil 
fuels,13'14 especially in the quantification and speciation of these compounds. Much of 
the sulfur in petroleum, for example, is in the form of sulfides and thiophenes which are 
the predecessors of sulfonium and thiophenium ions. One such study on petroleum 
involves the generation of sulfonium ions by directly methylating the sulfur atoms 
present with 13C labeled methyl iodide and subsequent13 C NMR analysis.15 The 13 C 
signals from the complex mixture are then matched to the signals of pure standards. A 
similar approach can be employed for a CZE analysis. This method would involve direct 
CO. 
methylation of a petroleum sample with subsequent extraction of the generated sulfonium 
and thiophenium ions into a polar solvent and finally separation under appropriate CZE 
conditions. By using standards, migration times can be matched to the peaks in the 
complex mixture. Further characterization could be achieved by MS coupling to the 
CZE. 
Little has been reported on the study of chiral sulfonium salts, and only a handful 
of these compounds have actually been assigned absolute configurations.16 As 
mentioned before, racemic mixtures of sulfonium salts have found certain applications, 
i.e., cationic initiators in polymerization reactions. However, the importance of chiral 
sulfonium salts has yet to be fully appreciated. Chirality around a sulfonium center is 
often found to play an integral role in biological systems. It has been determined that 
methyltransferases use substrates containing chiral sulfonium centers as their methyl 
donors.17 S-adenosyl-L-methionine is an important methyl donor that has such a center, 
and it has been additionally established that preference is given to one enantiomeric 
conformation over the other.18'19,20 One of the most promising applications investigated 
so far is the use of optically active sulfonium ions as asymmetric alkylating agents.21 
The synthetic value of such an agent is evident. The synthesis of enriched or optically 
pure enantiomers requires the use of an analytical method to assess the enantiomeric 
purity or excess. Conventional methods, i.e. polarimetry, for the analysis may not prove 
to be satisfactory due to the large amount of sample required. Although an NMR 
CO. 
procedure for determining enantiomeric excess using chiral shift reagents has been 
developed,6 it requires extended sample preparation time and the use of expensive shift 
reagents. 
Optically active sulfoxides are also another family of sulfur containing 
compounds that are of great importance and that are receiving a great deal of attention. 
This is not only from a synthetic perspective,22'23 but from their use as drugs as well.24 
Chiral sulfoxides will act as directing groups in asymmetric reactions; thus their 
importance as chiral synthetic intermediates6. The general structure is given below. 
Although there are well established liquid chromatographic,25'26 and gas 
chromatographic27'28 methods for the chiral analysis of sulfoxides, there have been no 
reports in the literature on separations of any kind for these compounds using CZE. 
Since sulfoxides are neutral compounds, they present a unique challenge for the 
separation using CZE since their migration is only dependent on the bulk movement of 
the solution. Nonetheless, unpublished work by Davies et. al. has shown that sulfoxides 
can be separated by CZE using established conditions for neutral compounds.29 The 
technique employed, micellar electrokinetic chromatography (MEKC),30 takes advantage 
R = O 
R ' 
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of the electroosmotic flow (EOF) at high pH with the presence of micelles formed by a 
surfactant like sodium dodecyl sulfate (SDS). One simple way to get around the 
neutrality problem, is to make them positively charged by methylation of the oxygen 
atom generating an alkoxysulfonium ion. This would allow the use of already established 
methods for the chiral separation of positive species using CZE. 
CZE has been shown to be a very effective analytical technique for a wide range 
of compounds, and therefore has received considerable attention in efforts to separate 
difficult mixtures and racemic compounds. Separation of analytes in CZE is achieved 
by the difference in the net electrophoretic mobility of charged compounds under the 
influence of an applied electric field. The migration time will vary primarily according 
to the mass-to-charge ratio of the species and to a lesser extent according to the overall 
structure and buffer conditions. As mentioned before, neutral compounds can also be 
analyzed, via different electrophoretic methods like MEKC.30 A very important area of 
application of CZE is the enantiomeric separation of optically active compounds. The 
significance of the different activity of enantiomers in biological systems is well 
understood. Stereospecific reactions are carried out preferring one enantiomeric form of 
a substrate or drug over the other. Thus, enantiomeric separations are of principal 
importance in the pharmaceutical analysis of chiral drugs.31'32 Enantiomeric separation 
is typically achieved by the addition of a chiral resolving agent such as chiral surfactants, 
crown ethers, bile salts, or cyclodextrins to the separation buffer.33'34 
CO. 
The most versatile chiral resolving agents used thus far in CZE are the 
cyclodextrins (CDs). The most common CDs, a, (3, or y-forms, are able to resolve chiral 
compounds by forming differentiated, transient inclusion complexes with the two 
enantiomers dissolved in the separation buffer. The degree of the interaction changes the 
migration time of the enantiomers enough to achieve separation. Cyclodextrins have been 
used extensively for the chiral analysis of drugs of pharmaceutical importance.35'36'37'38'39 
Although P-CD appears to be the most commonly used chiral selector, it is somewhat 
limited in the types of structural compounds it can resolve. Further derivatization of the 
native CDs can greatly enhance their selectivity and specificity. For example, typical 
commercial CDs development kits include: (3-cyclodextrin, 2-hydroxypropyl-(3-
cyclodextrin, heptakis(2,6-di-0-methyl)-P-cyclodextrin, heptakis(2,3,6-tri-Omethyl)-P-
cyclodextrin, and y-cyclodextrin which can be used to optimize specific analysis.40 
In this thesis, we describe, for the first time, the effectiveness of CZE in the 
separation of sulfonium and thiophenium ions, the separation of a complex mixture of 
these ions generated from the methylation of a petroleum sample, the chiral separation 
of sulfonium and thiophenium ions using P-CD modified CZE, and finally the chiral 
separation of O-methylated sulfoxides or alkoxysulfonium ions, which was explored 
briefly employing the conditions established for sulfonium ions. 
For the separation of sulfonium ions and thiophenium ions, conditions were 
optimized for their separation by employing buffer additives of tetrabutylammonium 
CO. 
bromide (TBA) and methanol directly added to the separation buffer. For the chiral 
study, we investigated the use of P-CD and sulfated beta cyclodextrin (S-P-CD) also with 
buffer additives of TBA and methanol in an effort to separate these ions. Four 
structurally related series of chiral sulfonium ions with varying alkyl chain lengths were 
synthesized from a common parent sulfide by alkylation with the appropriate iodoalkane. 
The extent of enantiomeric resolution for each racemic mixture was found to be 
dependent on the type of cyclodextrin used, buffer additive, and the general structure of 
the sulfonium ion. 
II. EXPERIMENTAL 
A. Materials Used 
Acetonitrile, hexane, P-cyclodextrin, sulfated- P-cyclodextrin (degree of substitution 
7-11), HPLC grade methanol, sodium metaperiodate (NaI04), trimethyloxonium 
tetrafluoroborate, tetrabutylammonium bromide (TBA), dichloroethane (DCE), nitromethane, 
all sulfides, thiophenes and iodoalkanes were purchased from Aldrich Chemical Co. 
(Milwaukee WI) and were used without further purification. Silver tetrafluoroborate was 
purchased from Alfa Aesar (Ward Hill, MA). Sodium phosphate buffer (0.1M pH 2.5), was 
obtained from BioRad (Hercules, CA). Dichloroethane was kept dry over 4A molecular 
sieves. HPLC grade water was used for injection sample preparation. 
B. Synthesis of Model Sulfonium Salts 
A modification of the procedure developed by Acheson and Harrison41 was used for 
the preparation of the sulfonium and thiophenium salts. In this procedure, 1 mmol of the 
appropriate sulfide or thiophene and 1.2 mmol of the corresponding iodoalkane was 
dissolved in approximately 2 mL of dry DCE in a 5 mL conical vial. A DCE solution of 
silver tetrafluoroborate (1.2 mmol of AgBF4 dissolved in 1 mL of DCE) was then added 
drop-wise over a 5 minute period. The mixture was then stirred overnight. The yellow Agl 
precipitate was centrifuged and washed twice with 1 mL of acetonitrile. The solvents were 
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then removed by rotovaporization at 40°C. The resulting oil or crystal was dried under a 
vacuum overnight. After the product was thoroughly dry, the structure is then confirmed by 
'H NMR analysis using d6-acetone as solvent. All the ions made contained at least one 
chromophore for detection in the UV range. See Appendix A for a complete list of all the 
ions synthesized and the accompanying 'HNMR spectra. 
C. Methylation of Petroleum Sample 
Crude oil (Arabian Light ABL 2.8% w/w sulfur) was obtained from Ashland Oil and 
used without modification. The petroleum, 1.00 g, along with 2.00 mmol of methyl iodide 
were dissolved in approximately 2 mL of dry DCE in a 5 mL conical vial. A DCE solution 
of silver tetrafluoroborate (1.5 mmol of AgBF4 dissolved in 1 mL of DCE) was then added 
drop-wise over a 5 minute period. The mixture was then stirred overnight. Extraction from 
a hexane acetonitrile mixture, with multiple portions of hexane, was done on a separatory 
funnel until the hexane layer remained clear. The acetonitrile phase was then rotovaporized 
at 40 °C leaving a black residue. About 20 mg of the residue were then dissolved in 1 mL 
of fresh acetonitrile and used as the stock solution for the CZE analysis. The stock was 
stored at 4°C to minimize decomposition. 
D. Apparatus and Operating Conditions for CZE 
The CZE separations were accomplished using a BioFocus 3000 capillary 
electrophoresis system from BioRad. The conditions are as given below unless otherwise 
stated. An uncoated fused silica capillary column 50 (im i.d., with a total length of 50 cm 
CO. 
(45.4 cm to detector window), mounted on a user assembled cartridge was used. Sample 
injection was achieved using the pressure mode set at 2 psi*sec. The working potential was 
operated at 17kV (+ to - , constant voltage), and the current limit set at 100 |xA. The 
cartridge and carousel temperature was preset to 20°C. The detection wavelength was fixed 
at 220 nm. The capillary column was cleaned after each run by flushing for 2 min with the 
running buffer, followed by flushing for 5 min with deionized water. Prior to storage, the 
column was purged with nitrogen for 2 minutes. It was necessary to clean the electrodes 
every five consecutive runs to remove adsorbed salts by dipping them in methanol for 2 min. 
E. Sample and Buffer Preparation 
Stock solutions of the compounds were prepared by dissolving 10-20mg of the 
sulfonium salts in 1 mL of acetonitrile. The solutions were stored at 4°C. The buffers used 
were prepared by dissolving TBA, P-CD, S-p-CD, in the required amounts, directly into the 
standard 0.1 M phosphate buffer (pH 2.5) or the 30% methanol (v/v) 0.1 M phosphate buffer 
(pH 2.5). The 30 % methanol/phosphate buffer required the addition of NaH2P04 to 
compensate for the dilution of the 0.1 M phosphate buffer by the addition of methanol and 
the final salt concentration was brought back up to 0.1 M. All buffers made were filtered 
through a 0.45 (J.m membrane filter (Gelman Sciences) prior to use. The injection samples 
were prepared by diluting the necessary aliquot of the stock solution with a 50/50 (v/v) 
water/appropriate running buffer for each run to yield a final concentration of 2.5 mM. 
Resolution of selected ions in chiral separations was calculated by using the equation: 
R=2[{t2-tx)l(w2+wx)] (1) 
where t is the migration time of the enantiomers and w is the peak width. 
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F. Synthesis of Sulfoxides and Generation of Alkoxysulfonium Salts 
Synthesis of sulfoxides was done by using a modification of the method developed 
by Leonard and Johnson.42 Oxidation of the sulfide to the corresponding sulfoxide was 
carried out at 0°C or close to that temperature to avoid over oxidation to sulfone. A mixture 
of 7 mL of methanol and 2 mL of diH20 was made in a suitable reaction vessel, usually a 
round bottom flask, then 2.1 mmol of sodium metaperiodate (NaI04) were added, dissolving 
as much as possible by stirring at room temperature. The desired sulfide (2 mmol) in 1 mL 
of methanol, was dissolved in a separate vial. At this point, the reaction vessel was cooled 
to 0°C with ice. Once the temperature was achieved, the sulfide was added drop-wise via 
syringe. A white precipitate formed immediately (Nal). To insure the completion of the 
reaction, the solution was stirred overnight. After the reaction was completed, extraction of 
the sulfoxide with chloroform was done as follows: about 5 mL of chloroform were added 
to the reaction vessel, two layers were seen, organic at the bottom (chloroform and product) 
and the aqueous layer containing Nal (white). If layers were not visible, more diH20 was 
added. The reaction vessels was shaken vigorously, subsequently transferring the solution 
to a separatory funnel. When the white precipitate persisted more water was added along 
with more shaking. The organic layer was dispensed into a clean round bottom flask. The 
solvent was removed by rotovaporizing at 40°C. A white crystalline solid was the result. 
Recrystalization of the product was done from an ethanol solution. Characterization as well 
as purity assessment was done by 'H NMR, using CDC13 as solvent. 
CO. 
Methylation was done following the procedure used by Andersen and coworkers15. 
For the O-methylation of the sulfoxide, 1 mmol of the desired sulfoxide was dissolved in 
about 2 mL of dry nitromethane in a 5 mL conical vial and stirred with a magnetic stirrer and 
spinning vane. In a separate vial, 1.2 mmol of trimethyloxonium tetrafluoroborate were 
added to 1 mL of nitromethane. Trimethyloxonium tetrafluoroborate was weighted out in 
an inert atmosphere to avoid decomposition. The trimethyloxonium tetrafluoroborate 
solution was added drop wise through a septum with a syringe needle. The reaction was 
complete within two hours. Once the reaction was complete, the solution was transferred to 
a clean round bottom flask and rotovaporized at 40 °C. A yellow oil remained. To dry, the 
product was stored in a vacuum oven overnight at room temperature. Characterization of 
the product was done by !H NMR using d6-acetone as the solvent. 
m. RESULTS AND DISCUSSION 
A. Separation of Sulfonium Ions in General 
Exploratory work was done primarily to determine if CZE analysis of sulfonium ions 
was feasible. This was done following standard methods as described in reference 32 for the 
separation of positively charged species like amines and quaternary ammonium compounds. 
The first sulfonium ion analyzed, ethylmethylphenylsulfonium, obtained from an NMR 
standard in D20, was successfully eluted from the capillary under 20 min. After several runs 
were performed with the test sulfonium ion it was evident that ions of this type were 
excellent candidates for CZE analysis. Sulfonium ions have a permanent pH independent 
positive charge, unlike amines in which migration may depend on the pH of the buffer, so 
they are much easier to analyze. Furthermore, these types of sulfonium ions appear to be 
relatively stable in an aqueous buffer, since the NMR standard used was several days old. 
Further insight into the optimum separating conditions was obtained by reviewing the 
literature concerning similar positively charged compounds, particularly quaternary 
ammonium ions. Many important drugs and herbicides containing quaternary ammonium 
centers, like paraquat and difenzoquat, have been analyzed using optimized conditions.43 It 
was found that under the most simple conditions, an uncoated column with unmodified 
phosphate buffer (pH 2.5, 0.1 M), more test ions were roughly but effectively separated. 
13 
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However, the separation of ions having the same molecular weight (isomers) was not 
achieved. Figure 1 shows one of the first separations done using only the standard phosphate 
buffer, pH 2.5, with detection at 264 nm. The figure shows that the first peak corresponds 
to two structural isomers, and the second peak corresponds to ions that have a coincidental 
migration time, even though they differ significantly in molecular mass, 257.48 and 237.42. 
The coincidental migration time is probably due to the structural differences between the two 
compounds. The structure plays a minor role in the migration time of a species; a bulky 
molecule having two aromatic rings may migrate slower than a molecule having only one, 
thus the coincidence in migration. Further optimization was required for the separation 
of the ions in general. To improve the separation, several factors can be adjusted; for 
example, temperature, length and diameter of the column, voltage used, and most 
significantly, the addition of buffer modifiers that affect the electroosmotic flow (EOF). 
Under acidic conditions, the EOF, net bulk flow or movement of the separation buffer, is 
directed towards the cathode. EOF is a result of the positive polarization of the aqueous 
buffer by the wall of the capillary, which is negatively charged, and the influence of the 
applied electric field. EOF velocity is directly affected by pH since the charge on the wall 
of the capillary, fused silica, depends on the pH of the separating buffer. At high pH, a large 
number of the silanol groups are ionized giving the walls of the capillary an excessive 
negative charge. This in turn increases the degree of polarization on the buffer thus 
increasing the net EOF. EOF velocities in phosphate buffers, from pH 2.00 to pH 8.00, 
MIGRATION TIME (MIN) 
Figure 1. Preliminary electropherogram showing overlapping ions. Conditions: capillary, uncoated fused silica 75 p.m i.d. x 50 cm (45.4 cm 
effective length); voltage, 17 kV; injection, 5 psi*sec; current limit, 100 ^m; temperature, 25°C; detection, 264 nm; concentration of 
sulfonium ions 2.5 mM; buffer, 0.1 M phosphate pH 2.5. 
CO. 
have been well established by Laurie and coworkers.44 They showed that at low pH (=2.50) 
the EOF velocity is relatively low because only a small number of silanol groups are ionized. 
So, the net mobility of positively charged species, which also migrate towards the cathode, 
is equal to the summation of the electrophoretic mobility of the ions and the EOF at a given 
pH. It has been shown that a number of buffer additives, particularly tetraalkylammonium 
salts and organic solvents, alter the polarity and the viscosity of the buffer system resulting 
in a lowering of the EOF.35'45 The alteration of the EOF thus affects the net electrophoretic 
mobility of the analytes often improving separation and resolution but very often at the 
expense of analysis time. 
Short chain tetraalkylammonium salts effectively suppress or even reverse the EOF 
in the low pH range.35'45 Quang et al. established the EOF velocity of a phosphate buffer, pH 
2.5, in the presence of 50 mM tetrabutylammonium bromide (TBA). They found that under 
these conditions the EOF showed a low magnitude reversal in migration.35 Under these 
conditions, the EOF counteracts the migration of the positively charged ions thus improving 
resolution. 
To test the effect of TBA in the separation of the compounds shown on Figure 1, the 
standard phosphate buffer was modified by adding TBA (50 mM) but otherwise the same 
conditions were use as described in Figure 1. The resulting electropherogram for the 
separation of the first two isomers is shown of Figure 2. The addition of the TBA resulted 
in the near baseline separation of the two overlapping peaks. Figure 3 shows the other two 
ions, also clearly separated by the addition of TBA. The accompanying increase in the 
migration time for all the ions was as expected due to the opposing EOF. 
MIGRATION TIME (MIN) 
Figure 2. Electropherogram showing the separation of overlapping ions by addition of buffer modifier. Conditions: buffer, 50 mM TBA, 
0.1 M phosphate pH 2.5. Other conditions as for Figure 1. 
MIGRATION TIME (MIN) 
Figure 3. Electropherogram showing the separation of overlapping ions by addition of buffer modifier. Conditions: same as Figure 2. 
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The analysis of a mixture of sulfonium ions was more difficult to achieve since the 
addition of the stock solution of each ion to the sample buffer was accompanied by the 
addition of several fj.L of acetonitrile. The small amount of acetonitrile introduced into the 
capillary was enough to decrease the resolution. Further improvement was observed by 
decreasing the temperature to 15°C, which allows more time for the separation, and also 
reducing the injection volume by changing the injection parameter to 2 psi*sec. Figure 4 
shows the electrophoretic separation of a mixture of 11 sulfonium ions, including the four 
ions shown in Figures 1-3 (peaks 9-12) and 2 thiophenium ions (peaks 2 and 4) under the 
new conditions. Partial loss of resolution was observed for the previously overlapping peaks 
(9-12) probably due to the presence of acetonitrile in the buffer. Nevertheless, all thirteen 
ions are resolved in the electropherogram. 
Several other factors were changed to enhance the separation even more. These were: 
reduction of the column diameter from 75 |_im to 50 (im, changing the detection wavelength 
from 264 nm to 220 nm, and adding an organic solvent to the separation buffer. The smaller 
capillary diameter results in sharper injection zones which decrease the width of the peaks, 
thus improving resolution. Even though most of the ions used have a Amax around 260 nm, 
the use of 220 nm wavelength for detection was found to be more effective since it has a 
lower signal to noise ratio. Furthermore, the general solubility of these particular types of 
sulfonium ions is not very large in an aqueous buffer system. The addition of organic 
1.46-, 
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12.00 15.00 18.00 21.00 24.00 27.00 
MIGRATION TIME (MIN) 
Figure 4. Electropherogram showing the separation of: 1 dimethylphenylsulfonium, 2 S-methylbenzothiophenium, 3 ethylmethylphenylsulfonium, 4 
dimethyl-2-naphthylsulfonium, 5 S-methyldibenzothiophenium, 6 methyldiphenylsulfonium, 7 butylmethylphenylsulfonium, 8 benzylmethyl-
phenylsulfonium, 9 benzylmethyl-p-tolylsulfonium, 10 dibenzylmethylsulfonium, 11 methyloctylphenylsulfonium, 12 methyldi(4-methylbenzyl) 
sulfonium, 13 methyldi(l-naphthyl)sulfonium. Conditions: capillary, uncoated fused silica 75 |im i.d. x 50 cm (45.4 cm effective length); voltage, 
17 kV; injection, 2 psi*sec; current limit, 100 |im; temperature, 15°C; detection, 264 nm; concentration of sulfonium ions 2.5 mM; buffer: 50 
mM TBA in 0.1 M phosphate pH 2.5. ^ 
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solvents (10-80%) has been used to enhance the solubility and also improve CZE separations 
of highly hydrophobic substances. Among solvents used are: methanol, acetonitrile, 1-
propanol, THF, ethanol, and isopropanol.46'47 The improved solubility of analytes in a binary 
buffer system of this type significantly improves peak shape, thus potentially enhancing 
resolution. An increase of the EOF at low pH has been noted on previous studies when 
organic modifiers of this type have been employed.48 To test the effect of methanol on the 
separation of these ions, a phosphate buffer containing 10% v/v methanol was made and 
used for the CZE separation of the ions shown on Figure 4 and employing all the new 
changes. Figure 5 shows the resulting electropherogram. By comparing Figures 4 and 5 it 
is clear that the addition of methanol combined with the smaller diameter capillary, the new 
detection wavelength, and the lower temperature resulted in a much better separation. 
However, only eleven of the thirteen ions are shown because even though the separation was 
improved, the resolution of the ions shown in Figures 2 and 3 is once again lost. Absorption 
of the ions at 220 nm was more significant than at 264 nm, again due to the lower signal to 
noise ratio at 220 nm. The analysis time increased slightly due to the lower temperature but 
it is still under 30 minutes. The solubility of the ions was greatly improved by the addition 
of the solvent. Addition of TBA to regain resolution of overlapping peaks proved to be 
inadequate in a buffer containing methanol. It was found that TBA has no effect on the 
overall resolution under these conditions. Depending on the type of ions being analyzed, 
different conditions can be utilized to obtain the desirable degree of separation. 
MIGRATION TIME (MIN) 
Figure 5. Electropherogram showing the separation of: 1 dimethylphenylsulfonium, 2 S-methylbenzothiophenium, 3 ethylmethylphenyl-
sulfonium, 4 dimethylnaphthylsulfonium, 5 S-methyldibenzothiophenium, 6 diphenylmethylsulfonium, 7 butylmethylphenyls ulfonium, 8 benzyl-
methylphenylsulfonium, 9 benzylmethyl-p-tolylsulfonium, lOmethyloctylphenylsulfonium, 11 methyldi(l-naphthyl)sulfonium. Conditions: 
capillary, uncoated fused silica 50 |j.m i.d. x 50 cm (45.4 cm effective length); voltage, 17 kV; injection, 2 psi*sec; current limit, 100 |im; 
temperature, 20°C; detection, 220 nm; concentration of sulfonium ions 2.5 mM; buffer, 10% MEOH, 0.1 M phosphate pH 2.5. ^ 
CO. 
B. Analysis of Petroleum Sample 
The preliminary analysis of the complex mixture of sulfonium and thiophenium ions 
isolated from the methylation of petroleum was first investigated by using the standard 
unmodified phosphate buffer only. The major concern for the analysis was the fact that the 
overall concentration of unique and specific compounds is low since the petroleum contains 
only 2.8% w/w sulfur and a vast array of different sulfur containing compounds. To insure 
that a sufficient concentration of ions would be introduced into the capillary, the injection 
parameter was increased to 12 psi*sec to increase the volume of sample injected. Also, since 
the compounds are known to have high molecular weights, the temperature of the column 
was increased to 32°C to speed up the analysis. Furthermore, to determine the optimum 
wavelength for absorption, a rapid scan from 220 nm to 270 nm was performed first. The 
combined electropherograms are shown on Figure 6. This figure confirms that the best 
wavelength for detection is around 220 nm. Moreover, the combined electropherograms 
shows that about 20 peaks are eluting very close together giving rise to broad hump. This 
hump undoubtably contains a large number of unresolved compounds. Figure 7 shows a 
single electropherogram at 220 nm from Figure 6. The solubility of the compounds is again 
a limiting factor. The sulfur compounds in petroleum are known to have a high molecular 
weight and highly hydrophobic. The addition of methanol should enhance the separation 
byimproving solubility. The large injection volume also presents a problem because 
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Figure 6. Electropherograms showing projection of UV absorption (220 to 270 nm, 5 nm increments) of methylated petroleum 
sample. Conditions: buffer, 0.1 M phosphate pH 2.5, injection 12 psi*sec, temperature 32°C. Other conditions as for Figure 5. ^ 
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Figure 7. Electropherogram showing the separation of the methylated petroleum sample. Conditions: wavelength 220 nm, injection, 
12 psi*sec, temperature 32°C, buffer 0.1 M phosphate pH 2.5. Other conditions as for Figure 5. 
to LT\ 
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that may be leftover from the extraction. To avoid this, electrokinetic injection was used. 
In electrokinetic mode of injection, the sample is injected by turning on the electric field for 
a few seconds while the inlet end of the capillary is still in the sample vial. The electric 
potential forces any charged species to migrate up into the column stacking the ions against 
the separation buffer which has a higher salt concentration than the sample buffer. This 
method of injection serves two purposes; it selects the charged species only and it 
concentrates the ions in a sharp zone. The disadvantage associated with this method is that 
it is selective for ions having a relatively high electrophoretic mobility, that is ions with low 
molecular weight or with multiple positive charges. High molecular weight species would 
not be effectively introduced into the capillary. Figure 8 shows the resulting 
electropherogram using the 10% v/v methanol as well as electrokinetic injection. The 
separation is significantly improved showing about 30 clearly defined peaks. Actual 
identification of the compounds was not done for all the peaks. However, the migration time 
of the first peak in the petroleum sample matched exactly to the migration time of the pure 
dimethylphenylsulfonium ion standard. This suggests, but does not prove, the presence of 
a relatively high concentration of thioanisole in the original petroleum sample. Confirmation 
of structure would be accomplished more effectively by using a CZE/MS system with an 
electrospray interface. This would allow for the analysis of each individual peak as it is 
eluted from the capillary. It is important to note that sulfonium ions that lack a chromophore 
would not be seen by the UV detector. A better way to analyze these sulfoniums would be 
to use benzylation instead of methylation. 
MIGRATION TIME (MIN) 
Figure 8. Electropherogram showing the separation of methylated petroleum sample. Conditions: injection, electrokinetic mode, 
7.00 kV/9 sec. Other conditions as for Figure 5. to 
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C. Chiral Analysis 
1. Background Information and First Chiral Separation. The general structures for 
the sulfonium ions and the two thiophenium ions used in the chiral analysis are shown in 
Figure 9. For clarity, the compounds were arranged in series according to their structure and 
given a number for reference. As stated before, for convenience, all compounds synthesized 
included at least one chromophore, this group not only facilitates detection in the UV range, 
but also plays a central role in the currently accepted model of inclusion interaction within 
the cyclodextrin cavity.49'50'51'52 All sulfonium salts are stable for analysis in an acidic buffer. 
However, the thiophenium ions, particularly S-methylthiophenium, are subject to 
nucleophilic attack by water molecules30 and thus slowly revert back to the corresponding 
thiophene after addition to the buffer. The instability did not present a problem in the time 
frame of the analysis. In a previous study, it was shown that a strong interaction occurs 
between P-CD and dibenzylmethylsulfonium tetrafluoroborate49 The interaction was 
determined by observing the transformation that the sulfonium ion undergoes when 
subjected to alkaline conditions in the absence or presence of P-CD. Dibenzylmethyl-
sulfonium typically undergoes Stevens rearrangement to give a 1,2-diphenylethane 
derivative, but in the presence of P-CD it undergoes a Sommelet rearrangement to give a 
diphenylmethane derivative49 As a result of this strong interaction P-CD was chosen as the 
resolving agent for chiral separation. The first set of chiral separations attempted were 
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Figure 9. Molecular structures and names for the ions used in the chiral study. 
CO. 
concentrations of P-CD in 0.1 M phosphate buffer. Sulfonium ions containing both a benzyl 
and a phenyl group were initially investigated because these groups are believed to have the 
strongest interaction within the P-CD cavity.49 Since the P-CD molecules are neutral they 
move with the velocity of the EOF, at a given pH, and thus can be considered to form a 
pseudostationary phase.35 
Figure 10a shows the electropherogram of ions 1 and 2, from series I, with 5 mM P-
CD added to the phosphate buffer. The chiral analysis is effective; however, only three peaks 
are observed instead of four, which indicates that two of the enantiomer peaks are 
overlapping. The effect of buffer additives, particularly tetraalkylammonium salts, was 
explored in the general analysis of sulfonium ions. TBA has been used extensively to 
improve the resolution of enantiomers in chiral separations. Numerous reports show that 
some chiral separations are achieved only in the presence of these modifiers.35 Figure 10b 
shows the effect of adding 50 mM TBA on the separation of the same sulfonium ions, 1 and 
2. The two sets of enantiomers are clearly separated and peak symmetry is dramatically 
improved as well as the resolution of each pair of enantiomers. The sulfonium ion 
containing the p-tolyl group yielded better resolution, presumably due to a stronger 
interaction with the P-CD cavity. As expected, an increase in migration time due to the 
reversed EOF is also observed. 
2. The Effects of TBA and P-CD concentration. Several factors make TBA a 
desirable additive. The low conductivity of the salt allows the use of a wide range of 
concentrations, it increases the solubility of P-CD and the low hydrophobicity prevents 
micelle formation as well as minimizes competitive effects with the positively charged 
CO. 
MIGRATION TIME (min) 
Figure 10. Electropherograms showing the chiral separation of ions 1 and 2. Conditions: 
capillary, uncoated fused silica 50 |_im i.d. x 50 cm (45.4 cm effective length); voltage, 17 
kV; injection, 2 psi*sec; current limit, 100 (xm; temperature, 20 °C; detection, 220 nm; 
concentration of sulfonium ions 2.5 mM; buffer, 5 mM P-CD in 0.1 M sodium phosphate 
buffer pH 2.5. Separation on (A) without TBA, (B) with TBA 50 mM. 
CO. 
analytes for the P-CD cavity32. The combined effects of varying concentrations of the buffer 
additives was explored. Figure 11a shows the effects of varying P-CD concentrations, while 
holding TBA constant at 50 mM, on the resolution of a single sulfonium ion, benzylmethyl-
p-tolylsulfonium ion 2. No separation was observed using a concentration of 1 mM P-CD; 
however, baseline resolution can be achieved easily with a p-CD concentration as low as 5 
mM. It is evident that the resolution increases substantially as the P-CD concentration is 
increased. The trade off between higher resolution and analysis time is clearly seen in Figure 
1 lb which shows the migration time of the first eluted enantiomer of ion 2 versus P-CD 
concentration. 
g-CD Concentration (MM) ! J B ~ c d Concentration (MM) 1 i i 
Figure 11. Impact of P-CD concentration on the resolution of ion 2 holding TBA 
concentration constant at 50 mM, (A) resolution vs. migration time (B) migration time of the 
first eluted enantiomer vs. P-CD concentration. Other conditions as for Figure 10. 
The migration time of the enantiomer increases dramatically at higher P-CD concentrations. 
Figure 12, on the next page, shows the effects of varying TBA concentrations, while holding 
P-CD constant at 5 mM, on the resolution of the same ion. A gradual increase in 
resolution is observed as the concentration of TBA increases. 
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Resolution Vs TBA Concentration 
TBA Concentration (mM) 
Figure 12. Effect of TBA concentration on resolution on ion 2, plot of the resolution vs. 
migration time, holding P-CD concentration constant at 5 mM. Other conditions as for 
Figure 10. 
3. Substituent Effects on Resolution. The first series of ions studied, 1 through 3, 
differ only in the size of one of the aromatic groups. Figure 13 shows the separation of all 
three ions from this series using 5 mM P-CD and 50 mM TBA. These concentrations were 
chosen to minimize analysis time while still affording good resolution. Resolution increases 
in the order phenyl < p-tolyl < naphthyl substituent. The enhanced resolution of ion 3 may 
be attributed to a greater degree of interaction of the hydrophobic naphthyl substituent with 
the p-CD cavity. 
To further study substituent effects, series II, ions 4 through 8, were synthesized. In 
this particular series, the aromatic substituents are kept constant while the length of the alkyl 
chain is increased from methyl to pentyl. Separations of these five ions are shown in Figures 
14a to 14c. Figure 14a shows the separation carried out in the absence of TBA with 5 mM 
P-CD. Although chiral resolution is achieved, peak tailing and only partial resolution for 
ion 5 is observed. The addition of TBA, Figure 14b, results in improved resolution of the 
ions as well as a increase of about 2 minutes in the migration time of each set of enantiomers. 
MIGRATION TIME (min) 
Figure 13. Electropherogram showing the chiral separation of series I, ions 1 through 3 using 5 mM P-CD and 50 mM TBA. 
Other conditions as for Figure 10. 
MIGRATION TIME (min) 
Figure 14. Electropherograms showing the chiral separation of series II, ions 4 through 8 (A) 
with 5 mM p-CD (B) 5 mM p-CD and 50 mM TBA (C) 5 mM P-CD, and 50 mM TBA, and 
30% methanol. Other conditions as for Figure 10. 
CO. 
A general trend in resolution can be observed under these conditions, that is, as the alkyl 
chain lengthens the resolution decreases. The diminishing resolution can be attributed in part 
to decreased interactions within the P-CD as the alkyl chain lengthens. It is possible that the 
longer alkyl chain sterically hinders the interaction between the aromatic groups with the 
hydrophobic cavity of the P-CD. In the absence of this steric interaction, the resolution 
should increase as the length of the alkyl group increases due to column residence time alone. 
However, since resolution clearly decreases, it is concluded that the alkyl chain is actively 
involved in the interaction. 
4. Effect of Methanol. The effects of methanol on the chiral separation of the 
sulfonium ions was briefly explored to determine whether an enhancement on the overall 
chiral separation was in fact observed. Figure 14c shows the separation of ions 4 through 8 
using a buffer containing 50 mM TBA, 5 mM P-CD, 30% (v/v) methanol, and 0.1M 
phosphate (pH 2.5). It is obvious from figure 14c that chiral selectivity was completely lost 
by the addition of methanol. Szoko et al. reported a similar effect; that is, a lowering of 
binding constants, thus resolution, was observed on drug enantiomers as the result of 
increasing concentration methanol.47 The enhanced solubility of the ions in the binary buffer 
system essentially eliminated the hydrophobic interaction within the P-CD cavity necessary 
for chiral separation. 
5. The Use of Sulfated-P-Cyclodextrin. Series HI, ions 9 through 12, and series IV, 
ions 13 through 17, were synthesized next to study the extent of interaction of a lone 
aromatic group and two alkyl substituents with the P-CD cavity. Again, two of the groups 
were held constant, aromatic and methyl substituent, while the second alkyl chain increased 
CO. 
from ethyl to pentyl. Surprisingly, no chiral separation was achieved using P-CD even at 
high concentrations, >20 mM, in the absence or presence of TBA (data not shown). A 
negatively charged cyclodextrin was postulated to have a greater affinity for sulfonium ions 
in general due to the additional electrostatic attraction of opposite charges. Sulfated P-
cyclodextrin was obtained for evaluation as a potential chiral selector for these particular 
ions. 
Figure 15a shows the separation of series IE, ions 9 through 12 with S-P-CD. An 
approximate concentration of 4 mM was used since the molecular mass is not accurately 
known due to the nature of the product -a mixture of randomly substituted molecules. It was 
necessary to keep the concentration relatively low to avoid exceeding the current limit of 100 
|xA, and to keep Joule heating at a minimum. Although it is possible to work at higher 
concentrations of S-P-CD by switching to reversed polarity or reversed mode,53,54 it was 
deemed unnecessary for this study since even at this low concentration of 4 mM, S-P-CD 
was able to adequately resolve each pair of enantiomers. Although some peak tailing is 
observed, the overall resolution is acceptable. No obvious trend is observed for this series. 
The resolution decreases in going from ion 9 to 10, and then it increases with ion 12 having 
the greatest resolution, as shown in Figure 15a and Figure 17. Ion 10, with the propyl 
substituent, showed the lowest resolution. It is possible that the overall diameter of the 
structure imparts a similar degree of interaction for the two enantiomers with S-P-CD or that 
there is a reversal in binding constants when going from propyl to butyl substituent. The lack 
of non-racemic standards prohibited us from experimentally verifying this. 
MIGRATION TIME (min) 
Figure 15. Electropherograms showing the chiral separation of series III, ions 9 through 12 
using (A) 4 mM S-p-CD (B) 4 mM S-P-CD and 50 mM TBA. Other conditions as for 
Figure 10. 
CO. 
TBA was tested to determine whether any improvement is observed by its addition. 
Figure 15b shows the separation of the same ions in the presence of 50 mM TBA. The 
effect was detrimental to the chiral analysis for ions containing the small ethyl and propyl 
substituents, ions 9 and 10. In effect, complete loss of resolution was observed for these 
ions. The observed results can perhaps be caused by competitive effects between the 
positively charged TBA and the sulfonium ions, having small alkyl substituents, for the 
negatively charged S-P-CD cavity due to the strong electrostatic attraction. Ions 11 and 12 
were relatively unaffected in terms of resolution. Figure 16a shows the separation of series 
IV with 4 mM S-P-CD, with exception of ion 17, which was analyzed individually. The 
overall separation looks similar to that of series III, in that there is a minimum in resolution 
when the alkyl group is propyl (ion 14) as shown in Figure 16a and Figure 17. In fact, there 
is no chiral resolution for ion 14 at all. This result may be explained by the enantiomers of 
ions 14 having virtually the same degree of interaction with the S-P-CD. Ion 14 was not 
resolved under any of the conditions studied thus far. Figure 16b shows the effect of adding 
50 mM TBA to the same separation buffer. The resolution remained virtually the same for 
the analytes aside from ion 13, having the small ethyl substituent, whereby resolution 
decreased. Figure 17 shows a combined plot of the resolution vs alkyl chain length for 
series III and IV illustrating the minimum of resolution when the propyl substituent is 
present. 
MIGRATION TIME (min) 
Figure 16. Electropherograms showing the chiral separation of series IV, ions 13 through 
16 using (A) 4 mM S-P-CD (B) 4 mM S-p-CD and 50 mM TBA. Other conditions as for 
Figure 10. 
CO. 
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Figure 17. Plot of the resolution vs. alkyl chain length for series El (-•-) and series VI (-A-) 
using the conditions for Figure 15 and 16. 
All of the sulfonium ions 1-16 possess a chiral sulfur center. The successful 
resolution of all but one of these sulfonium ions suggested that a sulfonium ion possessing 
two chiral centers might be resolved into four stereoisomers. To test this hypothesis, ion 17 
was synthesized containing two adjacent chiral centers, an additional chiral carbon present 
on the sec-butyl group. The structure of the ion was determined by both 'H NMR and 13C 
NMR, see Appendix A pages 70 and 71. If there is a strong interaction at the chiral carbon, 
S-P-CD should be able to recognize and resolve all four stereoisomers; (R, R), (S, S), (R, S), 
and (S, R). Figure 18a shows the separation of ion 17 using 4 mM S-P-CD. Although the 
four stereoisomers are separated, they are not well resolved. The addition of 50 mM TBA 
improved resolution considerably as shown Figure 18b. It is important to note that even 
though S-P-CD was able to effectively resolve sulfonium ions containing only one aromatic 
substituent, it failed to resolve the first two series of ions; ions containing two aromatic 
substituents. Trial analysis showed that when a 4 mM S-P-CD modified buffer was used to 
analyze series I and n, the ions failed to elute from the capillary within an hour. The peaks 
MIGRATION TIME (min) 
Figure 18. Electropherograms of the chiral separation of ion 17 showing all four enantiomer 
peaks, (R, R), (S, S), (R, S), and (S, R), not necessarily in that order, using (A) 4 mM S-P-
CD (B) 4 mM S-P-CD and 50 mM TBA. Other conditions as for Figure 10. 
CO. 
were so broad that no useful data could be obtained. When a very low concentration of the 
S-P-CD was employed, <1 mM, peaks were seen at a reasonable time, but they were again 
broad and showed no chiral resolution (data not shown). This result suggests that the 
interaction between these ions and the S-P-CD is sufficiently strong that they are detained 
significantly by the oppositely migrating S-P-CD, thereby limiting chiral separation. 
D. Thiophenium Ion Analysis. Two chiral thiophenium ions, 18 and 19, were 
synthesized to determine if the conditions established for the chiral separation of sulfonium 
ions is also applicable. No chiral separation was observed for these ions using P-CD 
modified buffers. However, ion 18 was baseline resolved using 4 mM S-P-CD modified 
buffer as shown of Figure 19. Ion 19 was not resolved under any of the conditions studied. 
We are currently investigating the use of different cyclodextrin derivatives which may prove 
to be better candidates for chiral separation of thiophenium ions. 
E. Chiral Separation of Alkoxysulfonium Ions 
The direct chiral analysis of sulfoxides has proven to be difficult employing the 
conventional MEKC procedure for the analysis of neutral species. For that reason, the 
synthesis of O-methylated sulfoxides, alkoxysulfonium ions, was necessary. Chiral analysis 
of positively charged species is much less complicated than neutral species. To facilitate the 
study, an asymmetric substrate, benzylphenyl sulfide was chosen as the starting parent 
sulfide for the synthesis of the necessary racemic sulfoxide, benzylphenylsulfoxide, and the 
ultimate synthesis of benzylmethoxyphenylsulfonium. Based on the study of sulfonium ions, 
MIGRATION TIME (min) 
Figure 19. Electropherogram showing the chiral separation for the two thiophenium ions, 18 and 19 using 4 mM S-P-CD. Other 
conditions as for Figure 10. 
CO. 
it was postulated that a compound having two aromatic groups would be the best choice for 
optimum chiral recognition by P-CD. The compounds synthesized were analyzed by 
'H NMR at the end of each reaction. Figure 20 shows the three 5H NMR of: starting sulfide, 
20a; generated sulfoxide, 20b; and the alkoxysulfonium ion, 20c. It was easy to determine 
if the reactions were successful by simply looking at the H signals on the -CH2- from the 
benzyl substituent. Upon oxidation, the singlet from the sulfide, Figure 20a, is split into two 
sets of doublets at about the same shift 4.1 ppm, Figure 20b. After the methylation is 
complete, the two sets of doublets are shifted to 5.2 ppm and the new CH3 signal appears at 
4.1 ppm, Figure 20c. Also from the NMR spectra, it was easy to determine if the reactions 
had gone to completion by noting the lack or presence of unreacted starting material. 
To determine if the benzylmethoxyphenylsulfonium ion was stable in the aqueous 
buffer, test runs were made using only the standard phosphate buffer, pH 2.5, with 50 mM 
TBA. It was found to be stable for the analysis as it is illustrated in Figure 21. The 
electropherogram on 21a shows the separation of the benzylmethylphenylsulfonium ion, for 
reference, and the benzylmethoxysulfonium ion. Good separation of the two species is 
achieved. Neutral P-CD was the likely additive that would separate both species since it is 
able to discriminate between enantiomers containing two aromatic groups. Figure 21b shows 
the chiral separation using 5 mM P-CD and 50 mM TBA. As expected the sulfonium ion 
is separated as before but, no chiral separation is observed for the alkoxysulfonium ion. 
Further runs with higher concentrations of p-CD also proved inadequate for the separation. 
The presence of an oxygen atom is sufficient to eliminate the differentiated interaction of 
CO. 
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Figure 20. !H NMR of: (A) benzylphenyl sulfide in CDC13, (B) benzylphenylsulfoxide 
in CDC13, and (C) benzylmethoxyphenylsulfonium tetraflouroborate in c?6-acetone. 
CO. 
MIGRATION TIME (MIN) 
Figure 21. Electropherograms showing the separation of benzylmethoxyphenylsulfonium 
with benzylmethylphenylsulfonium as reference. (A) TBA only. (B) 5 mM p-CD and 50 
mM TBA. Rest of conditions as for Figure 10. 
CO. 
the enantiomers with the P-CD cavity hindering the chiral recognition. The other available 
choice was of course S-P-CD. But as discovered early in the experiments, S-P-CD is not 
effective for sulfonium ions having two aromatic groups. The interaction is strong enough 
that the ions are detained too long in the capillary. Nevertheless, trial runs were made to 
investigate if a lower concentration of S-P-CD was effective. Figure 22 shows the chiral 
separation of the same two ions, using 1 mM S-P-CD and 50 mM TBA. As expected, the 
sulfonium ion was not resolved into the two enantiomeric peaks (middle peak). The two 
adjacent peaks however, correspond to the two enantiomers of the alkoxysulfonium ion. 
Since all three runs, Figures 21a, 21b, and 22 where done using the same sample, there was 
some confusion on determining what each peak corresponded to. The assignment of the 
peaks was done by simply spiking the sample with more of the sulfonium ion and observing 
which of the peaks increased in height. It was of course the middle peak. The chiral 
separation of the benzylmethoxyphenylsulfonium is thus possible using 1 mM S-P-CD. 
Although a direct approach would be more desirable, the indirect method gives an excellent 
separation with high resolution of the enantiomer peaks. 
MIGRATION TIME (MIN) 
Figure 22. Electropherogram showing the chiral separation of benzylmethoxyphenylsulfonium using 1 mM S-P-CD and 50 TBA, with 
benzylmethylphenylsulfonium as reference. Rest of conditions as for Figure 10. 
IV. CONCLUSIONS AND FUTURE WORK 
The separation of sulfonium and thiophenium ions using CZE employing uncoated 
fused silica capillaries proved to be highly effective when comparing to previously employed 
methods of analysis. TBA and methanol were found to enhance the separations significantly 
when added to the separation buffer. The analysis of complex mixture of sulfonium and 
thiophenium ions isolated from a petroleum sample shows promise using the conditions 
determined by using the synthesized standards. Identification of peaks was not possible due 
to the complexity of the sample and a lack of suitable standards. 
The chiral analysis of a variety sulfonium and thiophenium ions was successful using 
cyclodextrin/TBA modified CZE. Successful chiral resolution of the series of ions analyzed 
was found to be dependent on the type of substituents on the sulfonium ions, the type of 
cyclodextrin used, and the presence of TBA. Also, the chiral analysis of alkoxysulfonium 
ions was possible employing the parameters established for the sulfonium ions and using a 
low concentration of S-J3-CD and 50 mM TBA. The established parameters could be easily 
optimized further to obtain baseline resolution of particular ions of interest. The 
reproducibility of migration time was found to yield a %RSD of 0.37 based on six replicate 
injections. In conclusion, the use of cyclodextrin modified CZE for the analysis of 
sulfonium, thiophenium, and alkoxysulfonium ions offers an effective, rapid, and dependable 
method of analysis. 
50 
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The following areas are suggested for future work: 
(1) Need to synthesize enriched sulfonium ions and sulfoxides to make assignments of 
the enantiomer peaks. 
(2) Employ benzylation of petroleum sample instead of methylation to analyze sulfur 
compounds having no chromophore. 
(3) Develop both a direct CZE and MEKC technique for the analysis of chiral sulfoxides 
(charged and neutrals). 
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